Background
==========

Aortic aneurysms (AAs), also known as abdominal aortic aneurysms, are a major cause of deaths and account for about 90% of cardiac-related cases in the USA \[[@b1-medscimonit-24-652]\]. AA is characterized by a rupture of the aneurysm. Current treatment strategies feature invasive approaches which include implantation of stents by surgery \[[@b2-medscimonit-24-652]\]. However, the option of surgery is only viable for patients having aneurysms of larger size (5.5. cm and larger) \[[@b3-medscimonit-24-652],[@b4-medscimonit-24-652]\], whereas, the majority of the AA sizes are less than 5.5 cm thus limiting the management of aneurysms \[[@b5-medscimonit-24-652]--[@b7-medscimonit-24-652]\]. In such cases, the only option left is to keep the patients under observation and give them a waiting period for smaller size aneurysms to grow sufficiently to an operable size (\>5.5 cm), which is a time consuming process. The waiting period not only increases the risk period but also leads to poor lifestyle \[[@b8-medscimonit-24-652]\]. However, there are very few active drug therapies available to suppress formation of AAs \[[@b2-medscimonit-24-652]\]. Thus, a proper pharmacologic therapy can be a viable option to fix or block the progress of small AAs.

The progression of AAs is strongly associated with infiltration of inflammatory cells along with degeneration of the extracellular matrix (ECM) leading to loss of aortic wall integrity \[[@b9-medscimonit-24-652]--[@b11-medscimonit-24-652]\]. Elastin and collagen are the two important proteins contributing to tensile strength of the aorta; destruction of these proteins is the major reason for expansion and rupture of AAs \[[@b12-medscimonit-24-652]\].

Currently, huge attention is been focused on finding new active molecules for treating AAs. Levo-tetrahydropalmatine (L-THP) is a natural a tetrahydro protoberberine isoquinoline alkaloid obtained chiefly from the genera Stephania and Corydalis \[[@b13-medscimonit-24-652]\]. L-THP has been safely prescribed in Chinese clinical practice for more than four decades \[[@b14-medscimonit-24-652]\] and has been reported to have potent analgesic activity \[[@b15-medscimonit-24-652],[@b16-medscimonit-24-652]\].

L-THP has been found to attenuate ischemia mediated brain injury via inhibiting levels of both matrix metalloproteinase (MMP), MMP-2 and MMP-9 \[[@b17-medscimonit-24-652]\]. MMPs are the enzymes belonging to inflammatory infiltrates responsible for the destruction of proteins \[[@b18-medscimonit-24-652]\]. AAs are characterized by increased expression of proinflammatory cytokines and MMPs in AAs \[[@b19-medscimonit-24-652],[@b20-medscimonit-24-652]\], providing a favorable target for the management of AAs. The studies have reported L-THP plays a role in decreasing the expression levels of MMPs \[[@b17-medscimonit-24-652]\]. We hypothesized that L-THP could attenuate the progression of AAs and could contribute to the development of an alternative therapy for treating AAs.

Material and Methods
====================

Treatment groups in rats and induction of the AA model
------------------------------------------------------

For this study, we included a total of 36 male Sprague-Dawley rats aged six weeks old weighing approximately 180--220 g. All the experimental protocols performed were in accordance with the institutional ethical committee of Drum Tower Clinical Medical College of Nanjing Medical University (DTCMC/AIEC/2016/21B). The rats were selected at random and divided into three groups (n=12 rats in each group): L-THP group, sham-operated group, and control group. All animals were housed in polypropylene cages and subjected to 12-hour light and dark cycles; the rats were fed a recommended diet and provided with sufficient drinking water. Prior to subjecting the rats to laparotomy as described by Anidjar et al. and Petrinec et al. \[[@b21-medscimonit-24-652],[@b22-medscimonit-24-652]\], the rats were anesthetized by intra-peritoneal injection of sodium pentobarbital. Briefly, the aortas of the rats were removed to the bifurcation, at a level of the left renal vein. A small cut was made at the bifurcation site of the aorta followed by insertion of polyethylene tubing (No. 10, Smiths Medical, UK). The aorta was then clamped with polyethylene tubing just above the tip level, ligated near the aortic bifurcation using a silk suture (4-0, Ethicon, J & J, NJ, USA), and then subjected to perfusion of 27.2 U/mL of type 1 porcine pancreatic elastase (PPE) (Sigma), in all the groups. A 10 mL saline (0.9% W/V) perfusion with elastase (81.6 U) was loaded in the aorta for 10 minute with the help of an infusion pump operated at 2 atmospheric pressure. All the clamps and ties were removed along with the polyethylene tubing after completing perfusion followed by closure of the incision using a suture (polypropylene 8--0) (Prolene, J & J, NJ, USA). At last, the aortas of the rats were removed and were processed for experiments at 24 days post-perfusion. During the protocol, systolic blood pressure (SBP) was recorded.

Treatment protocol
------------------

L-THP was procured from Sigma Chemical (St. Louis, MO, USA). The dose of L-THP was 15 mg/kg/day, which was in accordance to published reports \[[@b23-medscimonit-24-652]\], and was prepared in isotonic saline solution. The selected dose of L-THP was administered to each animal in the L-THP group (n=12) via intra-peritoneal route daily. The administration of L-THP started on the same day as the PPE perfusion until the rats were sacrificed. Similarly, in the sham and control groups, the saline solution was injected for the same duration as used for the L-THP group.

Measurement of aortic diameter (AD)
-----------------------------------

The measurement of the aortic diameter (AD) was done after 24 days of elastase perfusion; the rats were anesthetized by intra-peritoneal injection of sodium pentobarbital. Abdominal aorta was exposed by laparotomy and AD was measured with the aid of a micrometer caliper. Emphasis was placed on measuring diameters in areas having maximum aortic dilatation within the segment that was subjected to perfusion previously. To allow for harvesting of tissue, the animals were sacrificed by injecting an overdose of pentobarbital intravenously.

The AD was measured for each rat in the states of pre-perfusion, post-perfusion, and final stage. The magnitude of aortic dilatation i.e., ΔAD was calculated as the difference between pre-perfusion and final AD (ΔAD mm=final AD -- pre-perfusion AD) and was represented as the percentage change (ΔAD%) and individual rats served as their own control for statistical significance. The value of ΔAD% being 100% was considered to be significant, i.e., size twice the normal, which was in association to established clinical values of AAs. All the three groups (control, sham, and L-THP treated) were evaluated for values of AD which were mean ± standard error of the mean for pre-perfusion, post-perfusion, and final, ΔAD in mm, and ΔAD%. Finally, the% inhibition of aortic dilatation was calculated against the values of mean DAD% of each treatment group of rats versus the control. Statistical significance between the groups was established by performing analysis of variance (ANOVA) using Student-Newman-Keuls test for making multiple comparisons \[[@b24-medscimonit-24-652]\] or with the 2-tailed Student *t*-test for paired comparisons.

Histological studies
--------------------

For histological study, the rats of all three groups (control, sham, and L-THP treated) after operation were sacrificed. The recovered aortas were formalin fixed in 10% neutral buffer formalin and were further fixed in paraffin to obtain cross sections for study. The obtained cross sections (5 μm) (obtained using a Leica Biosystems Leica RM2255 automatic microtome) were subjected to staining with hematoxylin and eosin, also, cross sections were subjected to Miller's elastin-Van Gieson staining; all the protocols were in accordance to standard established procedures. The results described the percentage area filled by elastin-Van Gieson of total elastic fibers. All results were recorded by a MacScope morphometry system (2.2) (Tokyo).

Expression levels of MMP-2 and MMP-9 and immunohistochemical analysis
---------------------------------------------------------------------

Local levels of MMPs in aortic walls were evaluated 24 days post-operation, monoclonal antibodies of the mouse were employed for both MMPs (MMP-2 and MMP-9). For α-smooth muscle cells actin (Abcam), the mouse monoclonal antibody was used mainly to measure the reduction of SMCs medially. A complex of immune-peroxidase avidin and biotin was used to perform immunohistochemical staining. The sections were incubated overnight after blocking them for the activity of endogenous peroxidase in I^ry^ antibodies (1: 100) at 4ºC. Then in accordance to the instructions from the manufacturer (Vectastain, Vector Laboratories) the tissue sections were incubated with anti-mouse IgG antibody (biotinylated) for 30 minutes followed by incubation with a complex of avidin-biotinylated and enzyme horseradish peroxidase in PBS for 10 minutes. The formed complex was observed using 0.05% solution of 3,3′-diaminobenzidine and slides stained with hematoxylin.

Western blot analysis
---------------------

Experimental rats in all groups were sacrificed 24 days post-operation; the aortas were collected and homogenized to extract total proteins. The target tissue samples of rats (75 mg) were subjected to electrophoresis in polyacrylamide gel of sodium dodecyl sulfate under 80 volts followed by procedures of channelization on membranes of polyvinylidene difluoride, at 300 mA followed by incubation at room temperature for 60 minutes in a mixture of Tris-buffer saline, nonfat milk (5%) and Tween 20 (0.2%). The membranes were then incubated at 4ºC for 24 hours in the presence of mouse monoclonal antibodies for MMP-9 and MMP-2 at a ratio 1: 2,000. Inducible nitric oxide synthase (iNOS) was utilized at a ratio of 1: 4,000, rabbit antibodies (polyclonal) for MCP-1 (i.e., monocyte chemo-attractant protein 1) at a ratio of 1: 5,000. All were subjected to rinsing using Tris buffer along with 0.1% solution of Tween 20 and were incubated for two hours with sheep anti-mouse IgG antibody for two MMPs, i.e., MMP-2, MMP-9, and with antibody for iNOS in a ratio 1: 5,000. The membranes were viewed with the help of ECL Chemiluminescence-kit (Amersham Biosciences) as per the procedure given by the manufacturer. The cell lysate protein concentration for each sample was normalized to the concentration of β-actin, density of bands was measured and compared using densitometry (Shimadzu).

Data interpretation by statistical evaluation
---------------------------------------------

All data were calculated as average values ± mean standard error; the calculations were done using GraphPad software. Comparisons between groups were done using one-way ANOVA, the established level of significance was *p*\<0.05.

Results
=======

Effect of L-THP and elastase perfusion on changes in blood pressure
-------------------------------------------------------------------

In the present study we evaluated the effect of L-THP treatment and elastase perfusion on SBP; the SBP was measured just before submitting rats to elastase perfusion prior to L-THP treatment, after elastase perfusion, 24 hours after receiving the first dose of L-THP, and finally after 24 days of perfusion followed by treatment of L-THP. The observations of SBP found that the rats subjected to elastase perfusion showed significant decreases in blood pressure compared to the sham group. L-THP significantly improved the SBP in rats after 24 days compared to the control group ([Table 1](#t1-medscimonit-24-652){ref-type="table"}) indicating role of L-THP on SBP.

Development of aortic aneurysm by elastase perfusion method
-----------------------------------------------------------

An animal model of an AA was created by elastase perfusion method: all rats were induced for AAs (n=36). Overall, the procedure had 8.33% mortality and three rats out of 36 were reported dead, with one rat from each group. Each group was left with 11 rats. As observed the ADs of the control vehicle treated group were significantly higher when compared to the sham-operated rats affirming successful induction of AAs in the experimental animals (*p*\<0.05). The control and L-THP group rats do not exhibited significant variation in the mean aortic diameters in the pre-infusion period (control group 1.46±0.1mm and L-THP group 1.44±0.1mm) and also in post infusion period (control group 1.90±0.2 and L-THP 1.91±0.3), however a significant increase in aortic diameters was seen in pre and post infusion period (P\<0.001) ([Table 2](#t2-medscimonit-24-652){ref-type="table"}). After 24 days the rats were subjected to operation, significant differences in aortic diameters were observed ([Figure 1](#f1-medscimonit-24-652){ref-type="fig"}). On the post-operative day, the control rats were reported to have aortic size 2.75±0.7 mm, significant results were recorded in rats treated with L-THP with aortic diameters reducing to 2.15±0.6 mm (P\<0.001). The treatment of L-THP reduced the aortic expansion by 34.1 % compared to control rats.

Effect of L-THP on histological changes in structure of aortic walls
--------------------------------------------------------------------

All the rats were sacrificed post 24 days of treatments; the aortas were harvested and were subjected to staining with hematoxylin and eosin. The staining clearly showed thinner aortic walls with enhanced mural thrombus in the control group ([Figure 1B, 1B1](#f1-medscimonit-24-652){ref-type="fig"}) versus L-THP treated group ([Figure 1C, 1C1](#f1-medscimonit-24-652){ref-type="fig"}). A significant amount of degeneration of elastic lamellae was observed after subjecting slides to elastin-Van Gieson staining in the control group compared to the sham group ([Figure 1A2, 1B2, 1C2](#f1-medscimonit-24-652){ref-type="fig"}). The L-THP treated group and the sham group did not exhibited any degeneration of elastic lamellae.

Effect of L-THP on expression of MMP-2 and MMP-9, immunohistochemical studies
-----------------------------------------------------------------------------

The aortic wall tissues were submitted to immunohistochemical staining to evaluate the activation of MMP-2 and MMP-9 ([Figure 2](#f2-medscimonit-24-652){ref-type="fig"}). A strong staining of both activated metalloproteinase subunits was expressed by the aortas of the control group rats ([Figure 2](#f2-medscimonit-24-652){ref-type="fig"}) whereas a weak stain was seen in the aorta of L-THP treated rats but was still stronger than that of the sham rats. Results clearly indicated an association of AAs with increased levels of both MMP-2 and MMP-9.

The results of western blotting were consistent with that of immunohistochemical studies; there was overexpression of both MMP subunits i.e., MMP-2 and MMP-9, in the control rats compared to the sham-operated rats ([Figure 3A](#f3-medscimonit-24-652){ref-type="fig"}). The expression levels of both MMP-2 and MMP-9 were significantly lower in the L-THP treated rats compared to the control rats (*p*\<0.01, [Figure 3B](#f3-medscimonit-24-652){ref-type="fig"}); however, compared to sham-operated rats, the MMP-2 levels were not significant (*p*\<0.12, [Figure 3B](#f3-medscimonit-24-652){ref-type="fig"}) but differences in levels of MMP-9 were highly significant (*p*\<0.01, [Figure 3B](#f3-medscimonit-24-652){ref-type="fig"}).

Effect of L-THP on loss of vascular smooth muscle cells (VSMCs)
---------------------------------------------------------------

The results of immunohistochemical studies indicated the loss of vascular smooth muscle cells (VSMCs) in the tissues of aortic wall of rats belonging to the control group (untreated) whereas results suggested a protective role of L-THP on VSMCs in L-THP treated rats ([Figure 4](#f4-medscimonit-24-652){ref-type="fig"}).

Effect of L-THP on levels of MCP-1 and iNOS
-------------------------------------------

Levels of MCP-1, a pro-inflammatory cytokine, along with iNOS were analyzed from the aortic walls of rats. Expression of both MCP-1 and iNOS in the control rats was higher compared to the levels in the sham-operated rats ([Figure 5A and 5B](#f5-medscimonit-24-652){ref-type="fig"}, *p*\<0.05), whereas the aortic tissues of L-THP treated rats exhibited lower levels compared to the control group rats ([Figure 5B](#f5-medscimonit-24-652){ref-type="fig"}, *p*\<0.05).

Discussion
==========

Levo-tetrahydropalmatine (L-THP) is a tetrahydro protoberberine isoquinoline alkaloid found in the genera Stephania and Corydalis L-THP \[[@b13-medscimonit-24-652]\]. L-THP has been reported to have potent analgesic activity \[[@b15-medscimonit-24-652],[@b16-medscimonit-24-652]\], and play a protective role in ischemia mediated brain injury via inhibiting levels of MMP-2 and MMP-9 \[[@b17-medscimonit-24-652]\]. The MMP group of enzymes belongs to inflammatory infiltrates responsible for the destruction of proteins \[[@b18-medscimonit-24-652]\]. It has been shown that AAs are chiefly characterized by overexpression of proinflammatory cytokines and MMPs \[[@b19-medscimonit-24-652],[@b20-medscimonit-24-652]\], hence serving an favorable target for the management of AAs.

Looking into the role of L-THP in inhibiting MMPs, and the role of MMPs in development and progression of AAs, we hypothesized L-THP could interfere and suppress the progression of AAs.

The effect of elastase perfusion and treatment of L-THP on SBP was evaluated before and after the perfusion; it was also measured 24 days after receiving the treatment of L-THP. The results suggested no significant effect of either elastase perfusion or L-THP treatment on SBP of rats.

The animals were induced to AAs by elastase perfusion method as described by Anidjar et al. and Petrinec et al. \[[@b21-medscimonit-24-652],[@b22-medscimonit-24-652]\]. The experimental rats were submitted to surgery followed by perfusion of elastase (27.2 U/mL) PPE in all groups. The aortas were perfused for 10 minutes with saline loaded with elastase (10 mL) at concentration of 81.6 U with the aid of infusion pump operated at 2 atmospheric pressure.

Inflammation and destruction of proteins along with the depilation of smooth muscle cells contributes to the progression of AAs \[[@b25-medscimonit-24-652],[@b26-medscimonit-24-652]\]. Inflammation leads to progression of AAs via infiltration of macrophages and lymphocytes in the peripheral walls of the aorta which further leads to secretion of MMPs and cytokines causing development of AAs \[[@b27-medscimonit-24-652]\]. The enlargement of AAs contributes to the degradation of elastin, due to the overexpression of MMP \[[@b28-medscimonit-24-652]\]. In addition to this MCP-1 (which is a pro-inflammatory cytokine) that leads to monocyte migration to the aortic walls of a developed aneurysm which further leads to secretion of MMPs and cytokines causing progression of aneurysms \[[@b29-medscimonit-24-652]\]. The results of our study hinted at overexpression of MMP-2 and MMP-9 in aortic tissues of rats subjected to AAs. The outcomes of the study confirmed the attenuating role of L-THP towards inflammatory response by suppressing the levels of MMP-2 and MMP-9 and also the levels of MCP-1 in rats subjected to AAs.

Destruction of smooth muscle cells is also one of the key elements contributing to the progression of AAs. Oxidative stress-mediated activation of nuclear factor-κB (NF-κB) and inflammation are the established mechanisms responsible for destruction of VSMCs \[[@b25-medscimonit-24-652]\]. The results of immunohistochemical staining confirmed loss of VSMCs in rats in the control group, the smooth muscle cells were preserved in the region of the medial aortic wall in the L-THP treated group. Hence, the results support the role of L-THP in inhibiting progression of AAs by preserving VSMCs.

Inflammation-mediated oxidative stress is reported to be associated with the development of AA \[[@b30-medscimonit-24-652]\]. Reports confirm the role of nitric oxide generated from iNOS in damaging aortic wall via the mechanism of oxidative stress, therefore suggesting a role of iNOS in vascular injury \[[@b31-medscimonit-24-652]\]. Outcomes of our study suggested higher levels of iNOS in the control group rats whereas lower levels in L-THP treated rats. The study confirmed the role of L-THP in suppressing the expression of iNOS and inhibiting development of AAs.

Conclusions
===========

In the present study, we established that L-THP inhibits expansion of elastase-induced AAs in rats. The possible mechanisms could be by suppressing the levels of MMP-2, MMP-9, and MCP-1, decreasing the influx of monocytes in aortic walls, preservation of VSMCs, and modulating oxidative stress via inhibiting synthesis of iNOS. The outcomes of our study have successfully established a promising role of L-THP in correcting AAs.
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![Hematoxylin and eosin staining in histologic sections of rat aorta: (**A**) aorta of sham-operated rats (**A**: 40×, **A1**: 200×), (**B**) aorta of vehicle-treated control rats (**B**: 40×, **B1**: 200×), (**C**) aorta of L-THP treated rats (**C**: 40×, **C1**: 200×). Staining of sections of rat aorta with Miller's elastin-Van Gieson staining (**A2**, **B2**, and **C2**: 100×), the dark purple color shows staining of elastin.](medscimonit-24-652-g001){#f1-medscimonit-24-652}

![MMP-2 and MMP-9 mapping by immunohistochemical staining (400x) in aortic tissue.](medscimonit-24-652-g002){#f2-medscimonit-24-652}

![(**A**) MMP-2 and MMP-9 expression by western blot analysis in aortic wall of rats. (**B**) Quantitative results of densitometry for MMP-2 and MMP-9, all the results are calculated as mean ± standard error of mean, \* *p*\<0.05 compared to sham-operated rats, \*\* *p*\<0.01 compared to control.](medscimonit-24-652-g003){#f3-medscimonit-24-652}

![Study showing preservation of vascular smooth muscle cells by immunohistochemical staining in aortic tissues of aortic aneurysm (magnification 400×).](medscimonit-24-652-g004){#f4-medscimonit-24-652}

![(**A**) Western blot analysis for MCP-1 and expression of iNOS in aortic tissues by densitometry. (**B**) Quantitative results for expression of MCP-1 and iNOS, \* *p*\<0.01 compared to sham-operated rats, \*\* *p*\<0.001 compared to control.](medscimonit-24-652-g005){#f5-medscimonit-24-652}

###### 

Measure of systolic blood pressure (SBP) in rats before and after elastase perfusion followed by respective treatments.

  Groups                                Before perfusion and dose of L-THP (1 day before) (BP mmHg)   After 24 h post perfusion (mmHg)                             After 24 days post perfusion (mmHg)
  ------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------
  Control vehicle treated (n=12)        105±1.3                                                       122±1.2[\*](#tfn1-medscimonit-24-652){ref-type="table-fn"}   133±1.2[\*](#tfn1-medscimonit-24-652){ref-type="table-fn"}
  Sham operated (n=12)                  106 ±2.9                                                      107±2.8                                                      106±1.2
  L-THP treated (15 mg/kg/day) (n=12)   107 ±1.5                                                      121±2.5[\*](#tfn1-medscimonit-24-652){ref-type="table-fn"}   110±1.9[\#](#tfn2-medscimonit-24-652){ref-type="table-fn"}

P\<0.01 compared to control 1 day before perfusion;

P\<0.01 compared to control after 24 days of perfusion.

###### 

Measures of aortic diameters (AD) of rats subjected elastase perfusion followed by respective treatments.

  Groups                                Aortic diameter (mm) before elastase perfusion   Aortic diameter (mm) after elastase perfusion                 Aortic diameter (mm) after 24 days of elastase perfusion                                                          ΔAD (mm)   \% ΔAD
  ------------------------------------- ------------------------------------------------ ------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- ---------- -------------
  Sham operated (saline treated) n=10   1.45±0.01                                        1.43±0.01                                                     1.46±0.01                                                                                                         0.1±0.01   6.89±0.1%
  Control (saline treated) n=10         1.46±0.01                                        1.90±0.2[\*](#tfn3-medscimonit-24-652){ref-type="table-fn"}   2.75±0.7[\*\*](#tfn4-medscimonit-24-652){ref-type="table-fn"}                                                     1.29±1.2   119.17±0.6%
  L-THP Treated n=10                    1.44±0.01                                        1.91±0.3[\#](#tfn5-medscimonit-24-652){ref-type="table-fn"}   2.15±0.6[\#](#tfn5-medscimonit-24-652){ref-type="table-fn"},[\$](#tfn6-medscimonit-24-652){ref-type="table-fn"}   0.71±0.3   31.94 ±0.8%

P\<0.01 compared to control before elastase perfusion;

P\<0.001 compared to diameters before elastase perfusion in control rats;

P\<0.01 compared to diameters before elastase perfusion in L-THP treated rats.

P\<0.01 compared to diameters of control rats after 24 days of elastase perfusion.
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